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InGaAsNSbÕGaAs quantum wells for 1.55 m lasers grown
by molecular-beam epitaxy
X. Yang,a) J. B. Héroux, L. F. Mei, and W. I. Wang
Columbia University, New York, New York 10027

共Received 6 November 2000; accepted for publication 25 April 2001
InGaAsNSb/GaAs quantum wells 共QWs兲 were grown by solid-source molecular-beam epitaxy using
a N2 radio frequency plasma source. The effect of adding Sb during growth of InGaAsN/GaAs QWs
was studied. X-ray diffraction, reflection high-energy electron diffraction and transmission electron
microscopy studies indicate that Sb suppresses the three-dimensional growth and improves the
interface of the QWs. X-ray diffraction and secondary ion mass spectroscopy analysis show that Sb
gets incorporated into the quantum well, which becomes a quinternary compound that was
previously unexplored. The introduction of Sb during growth of InGaAsN/GaAs QWs significantly
enhances the optical properties of the QWs. 1.53 m room-temperature photoluminescence was
obtained from InGaAsNSb/GaAs QWs, which demonstrates the potential of fabricating 1.55 m
InGaAsNSb/GaAs QW lasers for long-haul applications. © 2001 American Institute of Physics.
关DOI: 10.1063/1.1379787兴

Long wavelength 共1.3 or 1.55 m兲 laser diodes have
attracted much attention in recent years due to minimum loss
in optical fiber communication. However, the conventional
InGaAsP–InP system exhibits a relatively low characteristic
temperature 共T 0 兲 due to its poor electron confinement.1,2
InGaAsN, grown on GaAs substrate, is a promising material
to solve this problem3 and InGaAsN/GaAs laser diodes have
been demonstrated for quantum well structures grown
by gas-source molecular-beam epitaxy,4 – 6 solid-source
molecular-beam epitaxy 共MBE兲,7–9 and metalorganic vapor
phase epitaxy,10 as well as double-heterostructures grown by
metalorganic chemical vapor deposition.11 However, there
remain difficulties in obtaining emission at a wavelength
longer than 1.3 m due to the large miscibility gap. Alternate
materials, such as GaAsSb12 and GaAsNSb,13 were proposed
for 1.3–1.55 m lasers. However, the conduction band offset
of GaAsSb/GaAs is smaller than that of InGaAsN/GaAs, and
this is not favorable for temperature characteristics of lasers.
The reported characteristic temperature of 1.3 m GaAsSb/
GaAs lasers is around 70 K,14,15 lower than that of 1.3 m
InGaAsN/GaAs lasers 共⬎200 K兲.16,17 Moreover, GaAsSb/
GaAs system may have a type II band alignment.
Recently, we proposed and demonstrated using Sb as a
surfactant to improve the quality of highly strained
InGaAsN/GaAs quantum wells 共QWs兲.18 Enhancement of
optical properties of the QWs was demonstrated by photoluminescence 共PL兲 measurements and confirmed by the reduced threshold of broad area InGaAsNSb/GaAs QW lasers
compared with that of InGaAsN/GaAs QW lasers. A threshold of 1.02 kA/cm2 and lasing at a temperature up to 105 °C
were achieved for a 1.3 m InGaAsNSb/GaAs multiple
quantum well 共MQW兲 broad area laser diode.19 A threshold
of 10.2 mA and a T 0 of 146 K were recently reported from
InGaAsNSb/GaAs single quantum well ridge lasers.20 However, the lasing wavelength is still in the 1.3 m range. In

this letter, we investigate the effect of adding Sb to InGaAs/
GaAs and InGaAsN/GaAs QWs and the incorporation of Sb
by x-ray diffraction 共XRD兲, reflection high-energy electron
diffraction 共RHEED兲, secondary ion mass spectroscopy
共SIMS兲, and transmission electron microscopy 共TEM兲. Photoluminescence emission at 1.53 m was achieved from
InGaAsNSb/GaAs MQWs at room temperature, which
shows the potential for the fabrication of 1.55 m InGaAsNSb quantum well lasers on GaAs substrates.
The InGaAs共NSb兲/GaAs MQW samples were grown on
semi-insulating GaAs共100兲 substrates using a modified
Varian Gen-II system equipped with a CTI cryopump共1500
l/s兲. Ultrahigh purity N2 was injected through a N radical
beam source 共SVT Associates兲 operated at rf of 13.56 MHZ
to generate active N species. The Ga, In, and Sb were supplied from conventional Knudsen effusion cells, and As in
the form of As2 was supplied from a cracker source. In order
to investigate the effect of adding Sb on the properties of the
QWs, four 10 periods MQW samples were grown: 共a兲

FIG. 1. X-ray diffraction spectra of 共a兲 InGaAs/GaAs, 共b兲 InGaAsSb/GaAs,
共c兲 InGaAsN/GaAs, and 共d兲 InGaAsNSb/GaAs, MQWs.
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FIG. 2. SIMS result of InGaAsSb/GaAs MQW, showing incorporation of Sb
into the quantum well.

InGaAs/GaAs, 共b兲 InGaAsSb/GaAs, 共c兲 InGaAsN/GaAs, and
共d兲 InGaAsNSb/GaAs. The growth conditions were the same
for all samples. The nominal thicknesses of the InGaAs共NSb兲 well and GaAs barrier were 6.5 and 18 nm, respectively. The fractional In composition was 0.33 and the
compositions of N and Sb were determined by XRD and
SIMS. The growth temperature of the MQWs was 460 °C
and the growth rate of the well layer was 1 m/h. An excess
of Sb flux of 4⫻10⫺7 Torr was introduced for samples 共b兲
and 共d兲 during growth of the well layer. Photoluminescence
spectra were obtained at room temperature using an argon
ion laser and an InGaAs detector. X-ray diffraction was carried out with a Philips five crystal high resolution x-ray diffractometer 共Model MPD 1880兲.
Figure 1 shows the XRD spectra of the four MQW
samples. The In composition and thicknesses of the barrier
and well were determined by simulation of the XRD spectrum of the InGaAs/GaAs MQW and were assumed to be the
same for the four MQW samples. The N and Sb compositions were estimated to be 3.5% and 1.5%, respectively.
Compared with that of the In0.33Ga0.67As/GaAs MQW, the
satellite peaks of In0.33Ga0.67As0.985Sb0.015/GaAs MQW were
better developed, indicating that the interface of
In0.33Ga0.67As0.985Sb0.015/GaAs MQW was improved by the
introduction of Sb. While the satellite peaks of
In0.33Ga0.67As0.965N0.035/GaAs MQW were not clear, the satellite peaks of In0.33Ga0.67As0.95N0.035Sb0.015/GaAs MQW
were distinct and well developed. This indicates that
In0.33Ga0.67As0.965N0.035/GaAs MQW has rough interfaces
while the interfaces of In0.33Ga0.67As0.95N0.035Sb0.015 /GaAs
MQW were much improved by adding Sb, which was later
confirmed by TEM results.
Secondary ion mass spectrometry was used to verify the
incorporation of Sb. Figure 2 shows SIMS result from an
InGaAsSb/GaAs MQW. Results of the analysis show ten distinct layers and the Sb concentration is about 1%. Also noticed is that the Sb appears to be decreasing slightly in concentration from the surface to the substrate. This decrease
may be due to ion roughing during sputtering. In order to
determine if this was due to roughening, the sample was also
analyzed by Auger spectrometry utilizing Zolar rotation. Results indicate that the Sb concentration does decrease from

FIG. 3. TEM pictures of 共a兲 InGaAs/GaAs, 共b兲 InGaAsSb/GaAs, 共c兲
InGaAsN/GaAs, and 共d兲 InGaAsNSb/GaAs, MQWs, which confirms the
suppression of 3D growth by the introduction of Sb.

the surface to the substrate; this could be attributed to the Sb
segregation to the surface during growth.
The effect of adding Sb on the QW interfaces and material quality during growth of InGaAs/GaAs and InGaAsN
QWs was studied by TEM. Figure 3 shows TEM pictures of
the four MQW samples. The InGaAs/GaAs MQW sample
shows roughness at the first three to four QWs, which could
be due to the strain relaxation caused by the buildup of excess strain when the total InGaAs thickness is beyond the
critical thickness. The interfaces for InGaAsSb/GaAs MQW
were flat and abrupt throughout all ten QWs. For InGaAsN/
GaAs MQW sample, the interface became very rough and
quantum dot-like features and dislocations were observed,
while InGaAsNSb/GaAs MQW showed two-dimensional
共2D兲 growth throughout the ten QWs and no dislocations
were observed. This result clearly demonstrated the suppression of 3D growth by the introduction of Sb during growth of
the QWs, which was consistent with RHEED observation.
Despite the fact that adding N to InGaAs reduces the lattice
mismatch between InGaAsN and GaAs, InGaAsN with high
N composition grown by MBE resulted in spotty RHEED
patterns, indicating 3D growth and possible phase
separation.6 Quantum dot-like behavior of InGaAsN/GaAs
QWs due to the composition nonuniformity has also been
reported.21 In our case, RHEED patterns of InGaAsN became spotty showing 3D growth, while RHEED patterns of
InGaAsNSb remained streaky throughout the growth, indicating layer-by-layer growth. The TEM and RHEED observations also explain the XRD spectra shown in Fig. 1.
The effect of adding Sb on the optical properties of
InGaAs/GaAs and InGaAsN/GaAs QWs was studied by photoluminescence. Our previous study showed that the PL peak
intensity increases and the full width at half maximum
共FWHM兲 decreases with increasing Sb flux, indicating the
enhancement of photoluminescence efficiency of QWs by
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FIG. 4. Room temperature photoluminescence spectra of 共a兲 InGaAs/GaAs,
共b兲 InGaAsSb/GaAs, 共c兲 InGaAsN/GaAs, and 共d兲 InGaAsNSb/GaAs
MQWs.

the introduction of Sb flux during growth. No shift of PL
peak wavelength was observed from InGaAsNSb/GaAs QWs
for an Sb flux less than 2⫻10⫺7 Torr, thus indicating negligible Sb incorporation.19 However, a further increase of the
Sb flux resulted in a redshift of the PL peak wavelength,
which indicated possible incorporation of Sb and was confirmed in this work by SIMS. Figure 4 shows the room temperature photoluminescence spectra of the four MQWs. The
PL peak intensity of InGaAsSb/GaAs MQW increased by a
factor of 2 compared to that of InGaAs/GaAs MQW, while
the wavelength was shifted from 1.13 to 1.139 m. The PL
peak intensity of InGaAsNSb/GaAs MQW was 4 times
higher than that of InGaAsN/GaAs MQW, and the PL peak
wavelength was shifted from 1.515 to 1.53 m due to the
incorporation of Sb. This result clearly demonstrated enhancement of the optical properties of InGaAs/GaAs and
InGaAsN/GaAs QWs by adding Sb, which indicates the feasibility of achieving 1.55 m lasers by using InGaAsNSb as
the active layer.
The band gap of the compound InGaAsSbN was estimated using the model proposed by Shan et al.22 assuming
that the band gap reduction due to Sb was independent
of nitrogen incorporation. The lattice constant was
calculated by linear interpolation assuming Vegard’s law.
Figure 5 shows the calculated band gap energy of
In0.33Ga0.67As1⫺x⫺y Nx Sby and lattice mismatch between
In0.33Ga0.67As1⫺x⫺y Nx Sby and GaAs as a function of N composition with different Sb incorporation. With the addition of
Sb, the band gap of InGaAsNSb is reduced while the lattice
mismatch is increased.
In summary, InGaAsNSb/GaAs quantum wells were
grown on GaAs 共100兲 substrates by molecular beam epitaxy.
TEM investigation directly confirms that the introduction of
Sb improves the crystal quality and suppresses the 3D
growth. Enhancement of optical properties of QWs was demonstrated by PL measurements. 1.53 m room temperature
photoluminescence was achieved from InGaAsNSb/GaAs

FIG. 5. Band gap energy of In0.33Ga0.67As1⫺x⫺y Nx Sby and lattice mismatch
of In0.33Ga0.67As1⫺x⫺y Nx Sby with respect to GaAs.

quantum wells, which shows the potential for the fabrication
of 1.55 m InGaAsNSb quantum well lasers on GaAs substrates.
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